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Abstract 

New  applications  of  lithium  ion  batteries  in  hybrid  electric  vehicles  require  high  electrochemical  performance  such  as  improved  power  density. 
High  crystalline  submicron- size  LiNio.5Mn1.5O4  with  high  capacity  and  high  rate  capability  was  explored  in  this  work  through  a  low-temperature 
solid-state  reaction  route.  Samples  were  characterized  by  thermal  gravimetric  analysis  (TGA),  X-ray  diffraction  (XRD),  transmission  electron 
microscopy  (TEM),  Fourier  transform  infrared  spectroscopy  (FTIR),  and  cell  measurements.  It  is  found  that  LiNio.5Mn1.5O4  thus  obtained  has  a 
cubic  spinel  structure,  which  can  be  indexed  in  a  space  group  of  Fdim  with  a  disordering  distribution  of  Ni.  The  particle  size  is  about  200  nm. 
Electrochemical  tests  demonstrated  that  the  as-prepared  LiNi0  5Mni  504  possesses  high  capacity  and  excellent  rate  capability.  When  discharged  at 
a  rate  as  high  as  of  8C,  the  as-prepared  LiNio.5Mn1.5O4  powders  can  still  deliver  a  capacity  of  1 10  mAh  g_1 ,  which  shows  to  be  a  potential  cathode 
material  for  high  power  batteries. 

©  2007  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

High  energy  and  high  power  lithium  ion  batteries  are  increas¬ 
ingly  demanded  due  to  their  applications  in  hybrid  electric 
vehicles,  portable  power  tools  and  many  power  supplies.  Cath¬ 
ode  materials  are  the  key  component  of  the  lithium  ion  batteries 
that  directly  determines  the  power  density.  Transition  metal  sub¬ 
stituted  spinel  materials,  LiMAMn2-A04  (M  =  Cr,  Co,  Fe,  Ni, 
Cu),  are  the  well-known  cathode  materials  that  can  show  exten¬ 
sive  charge/discharge  performance  at  high  voltage  [1-5],  and 
hence  have  been  widely  studied  for  advanced  lithium  ion  bat¬ 
teries.  Among  all  these  spinel  oxide  materials,  LiNio.5Mn1.5O4 
exhibits  good  electrochemical  performance  with  a  single  plateau 
at  around  4.7  V  [6-8], 

For  all  functional  materials,  their  properties  were  greatly 
influenced  by  the  synthesis  methods.  Many  preparation  meth¬ 
ods  have  been  investigated  with  an  aim  to  achieve  high  capacity 
LiNio.5Mn1.5O4  [6-20],  however,  the  capacity  of  the  products 
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ever  reported  is  usually  unsatisfactory  in  particular  when  dis¬ 
charged  at  a  high  rate  [9,12,13,17-20].  To  meet  high  power 
demands  of  lithium  ion  batteries  in  new  applications,  the  rate 
capability  of  LiNio.5Mn1.5O4  has  to  be  significantly  improved. 
There  are  two  main  frequently  employed  strategies:  one  is  to 
increase  the  intrinsic  electronic  conductivity  by  microstruc¬ 
ture  controlling  [17-20],  the  other  is  to  enhance  lithium  ion 
transport  by  reducing  the  bulk  diffusion  length,  which  can  be 
achieved  by  utilization  of  nanostructured  materials  [12,21-25]. 
Even  so,  only  few  reports  were  announced  to  achieve  the  desired 
capacity  and  rate  capability  of  LiNio.5Mn1.5O4  [24,25].  For 
instance,  Kunduraci  et  al.  [24]  adopted  a  complex  Pechini  pro¬ 
cess  and  prepared  high  power  nanostructured  LiNio.5Mn1.5O4 
at  a  temperature  above  700  °C,  but  whether  the  cost  of  this 
synthesis  is  viable  for  practical  application  may  be  an  issue. 
Caballero  et  al.  reported  a  simple  mechanical  activation-assisted 
method  for  the  preparation  of  nanocrystalline  LiNio.5Mn1.5O4 
with  improved  rate  capability,  while  the  capacity  at  low  rates 
was  less  than  lOOmAhg-1  which  is  far  from  the  theoretical 
capacity  of  146.7  mAh  g-1  [23].  Their  later  report  showed  that 
enhancement  of  the  capacity  to  about  1 20  mAh  g~ 1  needed  extra 
polymer  addition  and  a  high-temperature  calcination  at  800  °C, 
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nevertheless  such  synthesis  conditions  unavoidably  raised  the 
cost  of  production  and  led  to  the  presence  of  undesired  impurity 
in  the  final  product  [25].  On  the  other  hand,  although  nanostruc¬ 
ture  materials  would  enhance  the  rate  capability  of  the  battery, 
the  use  of  nanocrystalline  form  of  cathode  materials  leads  to 
greater  side-reactions  with  the  electrolyte,  and  ultimately  more 
safety  problems  (one  of  the  most  critical  issues  for  lithium  batter¬ 
ies)  and  poor  calendar  life,  especially  for  high-voltage  cathode 
materials  such  as  LiNio.5Mn1.5O4. 

Owing  to  the  problems  mentioned  above,  exploration  and 
development  of  simple  and  cheap  preparation  routes  which 
can  produce  large  (e.g.,  submicron)  LiNio.5Mn1.5O4  particles 
with  high  capacity  and  high  rate  capability  is  of  paramount 
importance  for  practical  application.  To  this  end,  synthesis 
of  pure  phase,  high  crystallinity,  and  disordered  structure 
LiNio.5Mn1.5O4  particularly  in  a  facile  way  is  a  critical  aspect 
but  meets  great  challenges.  The  primary  reason  is  closely  related 
to  the  difficulties  in  single-phase  synthesis  of  LiNio.5Mn1.5O4 
by  traditional  preparation  methods  [4,6,9],  in  which  high  cal¬ 
cination  temperature  (>700  °C)  generally  used  would  result  in 
the  presence  of  undesired  impurities  such  as  NiO  or  LixNii_xO 
in  the  final  product,  and  these  impurities  may,  to  a  great  extent, 
deteriorate  the  electrochemical  performance  of  LiNio.5Mn1.5O4, 
while  the  alternative  low-temperature  methods  that  usually  pro¬ 
duce  materials  of  low  crystallinity  are  also  disadvantageous  to 
the  electrochemical  performance  [11]. 

In  this  work,  we  reported  on  a  facile  reaction  route  that 
yielded  high  crystalline,  single  phase  and  disordered  structure 
LiNio.5Mn1.5O4  of  a  submicron- size  at  low  temperatures,  with¬ 
out  the  use  of  any  mechanical  activation  or  extra  polymer.  The 
LiNio.5Mn1.5O4  powders  thus  obtained  by  this  method  showed 
high  capacity  and  excellent  rate  capability. 

2.  Experimental 

Appropriate  amounts  of  chemicals  LiCl-H20,  NiCl2-6H20, 
and  MnCl2-4H20  were  thoroughly  mixed.  Subsequently,  a 
20  wt%  excess  of  oxalic  acid  was  added  to  the  mixture,  which 
was  ground  for  about  0.5  h  to  ensure  complete  reaction.  The 
obtained  mixture  was  dried  in  air  at  120  °C  and  was  taken  as  a 
precursor.  The  precursor  was  calcined  at  550  °C  in  air  for  10 h, 
and  then  the  final  products  were  obtained. 

Powder  XRD  patterns  of  the  product  were  recorded  on  appa¬ 
ratus  (DMAX2500,  Rigaku)  at  room  temperature  using  Cu  Ka 
radiation  to  identify  the  crystalline  phase.  The  lattice  parameter 
was  refined  using  Retica  Rietveld  program  with  peak  posi¬ 
tions  that  are  calibrated  by  internal  standard  of  silicon  (99.9% 
pure).  The  chemical  compositions  of  the  resulting  material  were 
measured  using  an  inductively  coupled  plasma  spectrometer 
(ICP,  Ultima2,  Jobin  Yvon,  France).  The  size  and  morphol¬ 
ogy  of  the  product  were  observed  by  a  transmission  electron 
microscopy  (TEM,  200  kV,  JEOL,  JEM2010,  Japan).  Fourier 
transform  infrared  spectrum  (FTIR)  of  the  product  was  carried 
out  with  a  Perkin-Elmer  IR  spectrophotometer  using  KBr  pel¬ 
let  technique.  TGA  of  the  precursor  was  performed  with  a  TA 
instrument  (Netzsch  thermoanalyzer  STA449C)  at  a  heating  rate 
of  15  °C  min-1  in  a  constant  flow  of  extra  dry  air. 


Electrochemical  characterizations  of  the  product  were  per¬ 
formed  using  CR2025  coin-type  cell.  For  cathode  fabrication, 
the  as-prepared  powders  were  mixed  with  20wt%  of  carbon 
black  and  10  wt%  of  polyvinylidene  fluoride  in  /V-methyl  pyrro- 
lidinone  until  a  slurry  was  formed.  Then,  the  blended  slurries 
were  pasted  onto  an  aluminum  current  collector,  and  the  elec¬ 
trode  was  dried  at  100°C  for  10  h  in  vacuum.  The  test  cell 
consisted  of  the  cathode  and  lithium  foil  anode  which  were  sep¬ 
arated  by  a  porous  polypropylene  film  and  electrolyte  of  1 M 
LiPFg  in  EC:EMC:DMC  (1:1:1  in  volume).  The  assembly  of 
the  cells  was  carried  out  in  a  dry  Ar-filled  glove  box.  The  cells 
were  charged  and  discharged  over  a  voltage  range  of  3.5-5  V 
versus  Li/Li+  electrode  at  room  temperature. 

3.  Results  and  discussion 

We  first  studied  the  preparation  of  pure  phase  LiNio.5  Mn  1 5  O4 
via  a  low-temperature  solid-state  route.  When  starting  materials, 
LiCIFLO,  NiCl2-6H20  and  MnChAF^O  were  fully  mixed  with 
oxalic  acid  in  a  mortar,  a  slurry-like  precursor  was  gradually 
formed,  and  an  acid  mist  of  HC1  was  emitted  during  the  grinding 
process,  which  resulted  from  the  metathesis  reactions  between 
the  chlorides  and  oxalic  acid  [26].  The  precursor  may  experience 
a  reaction  as  described  below: 

2LiCl-H20  +  NiCl2-6H20  +  MnCl24H20  +  3H2C204-2H20 

-*  Li2C204  +  NiC204-2H20  +  MnC204-2H20 
+  6HC1  f  +  14H20 

Since  the  reactions  were  performed  at  room  temperature,  the 
precursor  may  contain  plenty  of  nanosized  oxalate  compounds 
[26].  It  is  well-known  that  oxalate  compounds  often  have  low 
decomposition  temperature,  thus  it  is  highly  possible  to  synthe¬ 
size  LiNio.5Mn1.5O4  by  simply  calcining  the  precursor  at  low 
temperatures. 

The  thermal  evolution  of  the  precursor  was  monitored  by 
TGA.  As  indicated  in  Fig.  1,  four  mass  losses  were  generally 
observed.  Mass  losses  below  430 °C  are  associated  with  the 
water  release  and  pyrolysis  of  the  organic  compounds,  while 


Temperature /°C 

Fig.  1.  TG  curve  of  the  precursor  of  LiNio.5Mn1.5O4  measured  in  air. 
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no  mass  loss  was  observed  between  430  °C  and  700  °C,  which 
indicates  that  oxalate  compounds  and  excess  oxalic  acid  have 
been  decomposed  completely  below  430  °C.  However,  when  the 
temperature  increased  up  to  700  °C,  a  fourth  mass  loss  occurred, 
which  is  likely  caused  by  oxygen  loss  [12],  In  combination  with 
the  results  reported  by  Zhong  et  al.  [4],  this  oxygen  loss  should 
come  from  decomposition  of  LiNio.sMni  5O4.  From  the  TGA 
results,  we  selected  a  moderate  temperature  of  550  °C  to  prepare 
pure  LiNio.5Mn1.5O4. 

Fig.  2  shows  the  XRD  pattern  of  the  sample  synthesized 
at  550  °C.  It  is  seen  that  all  diffraction  peaks  were  ascribed 
to  a  cubic  spinel  structure  with  a  space  group  of  Fd3m,  indi¬ 
cating  the  formation  of  a  single-phase  LiNio.sMni  5  O4.  The 
chemical  compositions  of  the  sample  were  determined  to  be 
Li1.02Ni0.50Mn1.49O4  by  ICP  analysis,  which  are  much  closer 
to  the  nominal  ones.  The  lattice  parameter  of  the  as-prepared 
LiNio.5Mn1.5O4  was  calculated  to  be  a  =  8. 164  A.  It  is  inter¬ 
esting  that  this  low-temperature  preparation  route  also  ensures 
well  crystallization  of  LiNio.sMni  5O4  powders  as  proved  by 
the  extensive  XRD  peaks.  Fig.  3  shows  the  TEM  image  of  the 
as-prepared  sample.  It  can  be  seen  that  the  particle  size  was 
about  200  nm,  and  shaped  in  a  polyhedral  morphology.  Based 
on  the  previous  literatures  [6,9,11,13,14],  it  is  noted  that  such 
a  morphology  of  LiNio.5Mn1.5O4  was  hardly  achieved  unless  it 
was  calcined  at  a  high  temperature  above  800  °C.  The  signif¬ 
icantly  reduced  sintering  temperature  reported  in  this  work  is 
likely  beneficial  to  the  utilization  of  nanosize  precursor. 

Depending  on  Ni  ordering  in  the  lattice,  LiNio.5Mn1.5O4 
shows  two  different  space  groups,  Fd3m  or  P4i32  [10,20,27]. 
The  structural  difference  between  these  two  space  groups  is 
hardly  to  be  distinguished  by  X-ray  diffraction  because  of 
the  similar  scattering  factors  of  Ni  and  Mn.  Simple  IR  spec¬ 
troscopy  has  proved  to  be  an  effective  technique  in  qualitatively 
resolving  the  cation  ordering  [24,28,29].  Characteristic  infrared 
vibration  bands  of  the  M-O  bonds  of  the  sample  between 
700  cm-1  and  400  cm-1  were  used  to  examine  the  Ni  ordering 
in  LiNio.5Mn1.5O4.  As  indicated  by  the  IR  spectrum  in  Fig.  4, 
sample  obtained  in  this  work  showed  two  bands  at  623  cm-1 
and  480  cm-1  which  are  more  intensive  than  those  at  587  cm-1 


200  nm 


Fig.  3.  Transmission  electron  micrograph  of  the  as-prepared  LiNio.5Mn1.5O4. 

and  470  cm-1,  respectively.  Such  a  special  feature  indicates 
a  disordered  structure  of  space  group  of  Fd3m  [24].  In  addi¬ 
tion,  two  bands  occurred  at  650  cm-1  and  428  cm-1  for  PA^32 
phase  were  absent  or  undefined  in  our  spectrum,  which  fur¬ 
ther  proves  a  disordering  distribution  of  Ni  in  the  structure  of 
LiNio.5Mn1.5O4.  No  vibration  bands  were  observed  at  about 
3000  cm-1  or  1500-1550  cm-1  (not  shown),  which  excludes 
the  presence  of  trace  impurities  such  as  oxalate  compound  and 
LLCO3  in  the  final  product. 

Many  literatures  have  demonstrated  that  pure  phase 
LiNio.5Mn1.5O4  with  a  disordering  configuration  is  favorable  to 
electrochemical  performance  improvement  [4,13,20,27].  Elec¬ 
trochemical  properties  of  LiNio.sMni  5O4  are  evaluated  using 
2025  coin-type  cell.  Representative  charge-discharge  curves  of 
LiNio.5Mn1.5O4  are  shown  in  Fig.  5.  The  cells  were  cycled  at 
two  different  current  densities  of  20mAg-1  and  160mAg-1 


Wavenumber  /  cm' 


Fig.  4.  IR  spectrum  of  the  as-prepared  LiNio.5Mn1.5O4. 
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Fig.  5.  Charge-discharge  curves  of  the  as-prepared  LiNio.5Mn1.5O4  cycled  at 
current  densities  of  20  mAg-1  (solid  line)  and  160  mAg-1  (dash  line). 


between  3.5  V  and  5  V,  respectively.  The  charge-discharge 
curves  of  LiNio.sMni  5O4  exhibited  voltage  plateaus  at  about 
4.7  V,  which  is  attributed  to  the  Ni2+/Ni4+  redox  couple  [4]; 
meanwhile,  both  charge  and  discharge  voltage  plateau  con¬ 
sisted  of  two  close  but  distinct  plateaus  at  around  4.7  V.  It  is 
well  recognized  [20,27]  that  LiNio.sMni  5O4  with  a  disordered 
structure  ( Fd3m )  would  show  two  obvious  voltage  plateaus  at 
around  4.7  V  while  that  with  an  ordered  structure  (P4^32)  give 
a  flat  voltage  profile  at  around  4.7  V.  Therefore,  the  observa¬ 
tion  of  two  distinct  plateaus  at  about  4.7  V  in  Fig.  5  confirms 
the  disorder  structure  of  LiNio.5Mn1.5O4,  in  consistent  with 
our  IR  analysis.  Mn3+/Mn4+  redox  couple  can  give  a  4.1V 
plateau,  which  is  however  absent  in  Fig.  5,  which  demonstrates 
a  single-phase  structure  of  LiNio.sMni. 5O4.  When  cycled  at 
a  current  density  of  20 mAg-1,  the  cell  delivers  a  reversible 
capacity  of  134mAhg-1  which  is  about  91%  of  the  theoretical 
capacity  (146.7  mAhg-1).  The  1st  cycle  Coulombic  efficiency 
is  75%,  which  progressively  increases  to  93%  in  the  follow¬ 
ing  cycles.  The  low  Coulombic  efficiency  is  mainly  due  to 
electrolyte  decomposition  at  high  voltage,  just  like  what  have 
taken  place  in  many  high-voltage  cathode  materials  [4,9,30]. 
The  capacity  of  LiNio.sMni  5O4  decreased  while  the  voltage 
gap  between  charge  and  discharge  plateau  increased  with  the 
current  density  increasing  from  20  mA  g-1  to  160  mA  g-1 ,  but 
these  changes  are  still  tiny.  It  is  noted  that  the  capacity  of 
LiNio.5Mn1.5O4  synthesized  in  this  work  is  much  higher  than 
that  prepared  by  Caballero  et  al.  [23]  who  had  used  inorganic 
acetates  as  the  starting  materials.  Consequently,  the  synthesis 
parameters  could  play  a  key  role  in  determining  the  electrochem¬ 
ical  performance  of  LiNio.5Mn1.5O4.  Following  this  idea,  we 
compared  the  electrochemical  performance  of  the  as-prepared 
LiNio.5Mn1.5O4  with  that  synthesized  by  the  present  route  using 
acetate  as  starting  materials.  We  found  that  the  capacity  using 
acetate  as  starting  materials  is  <100 mAhg-1,  which  is  almost 
the  same  as  that  reported  by  Caballero  et  al.  [23],  but  is  much 
smaller  than  that  of  this  work.  Therefore,  the  route  described 
here  is  beneficial  to  the  synthesis  of  LiNio.5Mn1.5O4  for  high 
capacity. 


Fig.  6.  Discharge  curves  of  the  as-prepared  LiNio.5Mn1.5O4  at  various  current 
densities .  In  the  rate  test,  the  cell  was  charged  at  a  current  density  of  20  mA  g~  1 
to  5  V  and  discharged  at  different  current  densities  to  3 .5  V.  900  mA  g~  1  corre¬ 
sponds  to  8C  (discharge  in  7.5  min). 


Fig.  6  presents  the  rate  capability  of  the  as-prepared 
LiNio.5Mn1.5O4.  The  cell  was  charged  at  a  current  density  of 
20 mAg-1  to  5  V  and  discharged  at  different  current  densi¬ 
ties  to  3.5  V.  It  is  clear  that  the  as-prepared  LiNio.5Mn1.5O4 
exhibits  high  rate  capability.  Although  the  discharge  plateau 
gradually  shifted  towards  lower  voltage  and  the  discharge  capac¬ 
ity  decreased  with  increasing  discharge  current  density,  but  these 
changes  are  much  smaller  as  compared  to  those  reported  in 
literatures  [9,12,13,17-20].  Even  discharged  at  a  current  den¬ 
sity  of  900 mAg-1  (equal  to  8C  rate:  discharge  in  7.5 min), 
the  as-prepared  LiNio.5Mn1.5O4  still  retained  a  capacity  of 
110  mAh  g- 1  which  is  82%  of  that  discharged  at  a  current  den¬ 
sity  of  20 mAg-1.  These  results  are  comparable  to  one  of  the 
best  results  published  for  this  material  by  Kunduraci  et  al.  [24], 
In  addition,  the  cell  retrieved  its  capacity  when  a  low  current 
density  of  20  mA  g-1  was  applied  after  completion  of  the  high- 
rates  test.  All  these  results  demonstrate  that  the  as-prepared 
LiNio.sMni  5O4  possesses  excellent  rate  capability  and  high 
capacity,  which  could  be  attributed  to  the  pure  phase,  high 
crystallinity,  and  disordered  configuration  of  LiNio.sMni .5 O4. 
Moreover,  the  present  preparation  method  provides  superior  cost 
performance  when  comparing  with  those  reported  in  literatures 
[24,25], 

4.  Conclusions 

This  work  reports  on  a  low-temperature  solid-state  route 
to  single-phase  LiNio.5Mn1.5O4  with  a  disorder  occupation 
of  Ni  ion.  Sample  characterizations  indicated  that  the  as- 
prepared  LiNio.sMni  5O4  was  achieved  to  show  a  dimension  of 
about  200  nm.  The  electrochemical  performance  measurements 
demonstrated  that  the  as-prepared  LiNio.5Mn1.5O4  powders 
have  much  improved  capacity  and  excellent  rate  capability  in 
comparison  with  those  prepared  by  other  methods.  The  dis¬ 
charge  capacity  reached  up  to  1 34  mAh  g- 1  at  a  current  density 
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of  20  mA  g  1 ,  while  it  retained  as  high  as  1 10  mAh  g  1  even  at 
a  high  current  density  of  900  mA  g~ 1 . 
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